Three-dimensional photonic crystals are attractive for very compact waveguide devices. A novel interferometric lithography technique for fabricating three-dimensional photonic crystals is presented, which allows for independent dimensional control of each axis of the crystal. Previous interferometric approaches using 3, 4, 5, or more beams have inherent constraints between the lattice constants and the exposure wavelength. With this new technique, it is possible to control each individual crystal lattice constant largely independent of the exposure wavelength, vastly increasing the available parameter space. Both mathematical models and experimentally realized three-dimensional photonic crystals, over 2 cm 2 in size and up to 12 m, are presented. Photonic crystals with integrated waveguides are of particular significance. A new approach to fabricating waveguides embedded in a three-dimensional photonic crystal is also presented. This approach uses multiple-exposure wavelengths, with one longer wavelength propagating throughout the photoresist for the photonic crystal fabrication and another shorter highly absorptive wavelength for the waveguide fabrication. This new approach to waveguide fabrication leads itself to scalable manufacturing using standard semiconductor lithography equipment.
I. INTRODUCTION
A three-dimensional crystal has a periodic dielectric function in all three Cartesian directions ͑x, y, z axes͒. There are numerous ways to fabricate three-dimensional photonic crystals ͑PhCs͒, such as ion beam milling ͑Yablonovite͒, 1 a multistep lithography and etching technique ͑woodpile approach͒, 2 and 4-or 5-beam holography 3, 4 among others.
The Yablonovite and woodpile approaches are very process intensive and have alignment or interlevel registration issues. Single exposure holography has the advantage of being able to form PhCs in a single lithography step, but has limitations on the PhC shape and size, including interrelationships between the various periodicities that restrict the available parameter space. 5 A novel technique is proposed that creates threedimensional ͑3D͒ PhCs in a simple lithography process with significantly relaxed constraints on the size, shape, and periodicities. This technique allows for independent control over each periodic pitch of the 3D PhC. The technique utilizes a simple two-beam interferometric lithography setup with multiple exposures followed by a single development step.
Interferometric lithography ͑IL͒ can produce gratings down to a / 4n half-pitch. 6 IL also has a large depth-offocus with inherent uniformity for forming large area gratings on photoresist-coated wafers. Most important of all, by using IL, there is no need to use a mask or lens system to produce very small pitch structures. This allows IL to facilitate inexpensive large area fabrication capabilities for submicrometer pitch periodic features.
A mathematical model of the 3D PhCs available by this new 3D IL approach is derived. These models are used to generate the proposed three-dimensional PhCs and to compare to experimentally produced PhCs.
Photonic crystals have many useful properties; more applications are available by combining PhCs with optical waveguides. Waveguides in PhCs can guide light around sharp bends, filter light, spit or mix light into multiple waveguides, and provide optical isolators and optically coupled cavities. Waveguides in a PhC can also exhibit nonlinear optical properties that can be used for optical computing applications. 7 A waveguide in a PhC is formed by creating a defect in the periodic structure of the PhC. Most techniques for embedding waveguides into PhC involve either forming the defects or waveguide when fabricating the PhC in a layer-by-layer fashion or by a direct write, twophoton method used for typical holographically produced PhCs. In all cases, the embedded waveguide formation is a tedious and slow process. 8 A novel technique is proposed that uses multiple-exposure wavelengths to embed waveguides inside a PhC. This approach uses multiple exposures, with one set of exposures at a longer wavelength that propagates throughout the photoresist for the PhC fabrication and a shorter highly absorptive wavelength for the waveguide fabrication. This technique is modeled and experimentally demonstrated.
II. 3D PHOTONIC CRYSTAL TECHNIQUE
Traditionally, three-dimensional IL has been done using a single exposure with four or more plane waves. However, it can also be done using multiple exposures of two-beam IL summed up to create a final 3D pattern.
A. Modeling
A 3D exposure model of this three-dimensional, multipleexposure, two-beam IL is straightforward and will be presented elsewhere. For simulations, the intensity for all exposures is normalized to 1 / N; this assumes that each exposure has the same exposure dose. Using a simple threshold model for the photoresist development, it is straightforward to calculate the expected 3D structures.
An issue in the multibeam approach to 3D IL is that the z pitch is typically much larger than the ͑x , y͒ pitch. However, in the multiple-exposure approach introduced here, it is much simpler to get the z pitch similar to or the same as the x and y pitch.
In single-exposure IL, the pitch in all three directions is affected by the angle of each plane-wave beam and the exposure wavelength. In order to get the x, y, and z pitch to be similar in size, the exposure beam angle should be as close as possible to 90°and the exposure wavelength should be close to the desired pattern pitch dimension. For example, if the desired PhC pitch is 750 nm, then the exposure wavelength needs to be 750 nm. This is difficult because this requires a photoresist that is sensitive at that wavelength, and if the desired pitch changes, then the photoresist and the laser source also need to change.
The main advantage of the multiple-exposure IL approach to three-dimensional structures is the much greater flexibility to independently control the periodicities of the 3D structures along each axis. The x-and y-pitches of the pattern in the exposure plane are controlled by the angle between the two exposure beams 2 ⌬ . The z-pitch of the pattern, perpendicular to the exposure plane, is controlled by the angle of the intercept between the two beams to the normal of the exposure plane ͑see Fig. 1͒ .
If both exposure beams are tilted together off normal to the exposure plane ͑ 0͒, the interference pattern in the photoresist is also tilted. As a result of Snell's law, the plane waves of light are bent at the photoresist interface ͑see Fig.  2͒ . For a vertical interference pattern ͑ =0͒ 1 =− 2 , but if 1 and 2 are offset by a fixed angle, there is a shift in the interference pattern angle c . The following formulas give the relations between the plane-wave beam angles in the air and in the photoresist as well as some of the defined pitches:
If three or more of these tilted interference pattern exposures are combined, the result is a three-dimensional pattern that has a shortened z-pitch. Figures 1 and 2 show the slice views of a 3D PhC structure. If c = 45°, then ⌳ x = ⌳ z . This is important if symmetrical 3D PhCs are desired. Figure 3 shows the steps in the definition of a threeexposure, 3D IL PhC. The first exposure forms a latent image of a one-dimensional grating with tilted lines in the pho- toresist. After 120°rotation of the sample, the second exposure sums with the first to form a latent image of a two-dimensional array of tilted posts in the photoresist. After an additional and final 120°rotation of the sample, the third and final exposure sums with the first two exposures to form a latent image of 3D PhC in the photoresist. The photoresist is then baked and developed to form the final 3D PhC. The rotation and tilt of the exposure stage between exposures need to be tightly controlled in three-dimensional IL. If the rotation or tilt is not set precisely, a phase variation along the crystal planes results. This will cause a moiré effect on the surface of the PhC. In the experiments, HeNe laser interferometer was used to monitor and provide feedback control of tilt and rotation between exposures.
To better understand the relation and parameter space for the z-pitch compared to the transverse pitches, an example plot of available z-pitches versus available x ͑y͒ pitches for an exposure wavelength of = 355 nm and photoresist index of refraction n r = 1.3 is presented in Fig. 4 . In this plot, the solid line represents the z-pitch versus x-pitch for on-axis 3D IL PhCs. The shaded area represents the combinations of z-pitches versus x-pitches achievable with off-axis 3D IL PhCs. The dashed 40°line represents the symmetrical PhC ͑z-pitch= x-pitch͒. As the refractive index of the photoresist increases, the area of achievable pitches ͑cyan colored area͒ decreases due to the reduction of the beam angle in the resist from Snell's law. Clearly, the use of immersion will improve this plot even further by reducing the Snell's law deviations on entering the photoresist.
B. Process
A Michelson interferometer was used to provide the interfering beams for the two-beam exposures. The Michelson interferometer uses a 50/50 beamsplitter to split an exposing beam into two beams of equal intensity. The two beams are reflected off mirrors and onto an exposure stage. The mirrors are placed appropriately for the needed exposure angles and path lengths. One of the main advantages of the Michelson interferometer is that the beamsplitter and mirror 3 in Fig. 5 can be moved left or right such that the path length of beam 1 is equal to the path length of beam 2. Having the same path length for both beams maximizes the interference pattern contrast and allows a large exposure area even when using a laser with a relatively short temporal coherence. The incoming beam is split in such a way that the two exposure beams overlay each other with the same orientation; in other words, matched portion of the beam that were split at the beamsplitter interfere with themselves at the exposure plane. This is essential for making large exposure areas if the light source has a small transverse coherence, such as an excimer laser.
An issue with off-axis illumination is that the two beams intercept the photoresist surface at different angles ͑ 1 ϵ i + ⌬ 2 ϵ i − ⌬ ͒. This results in different Fresnel reflectivities of each beam off the surface of the photoresist and different effective sizes of the beams at the photoresist surface. The differences between electric field amplitudes in the photoresist from each beam ͑A 1 − A 2 ͒ increase as the offset incident angle ͑ i ͒ increases and as the pitch ͑⌳͒ decreases. This in turn causes a reduction in the interference pattern contrast. For 3D PhCs where large offset incident angles ͑ i ͒ are desired, loss of contrast can be problematic. This can be resolved by adjusting the intensity ratios of the beams such that the transmitted beams of light into the photoresist have the same electric field amplitude ͑A 1 = A 2 ͒. Figure 5 shows the Michelson IL setup with a Fresnel reflection window used to adjust the relative powers. This is the Michelson IL setup that was used to create the experimental 3D PhCs.
C. Results
Both images created by mathematical models and by scanning electron microscopy ͑SEM͒ images of the 3D PhCs made using the multiple-exposure IL setup are presented. The first set of images focuses on the PhCs made using a three-exposure process ͑with 120°rotations of the sample͒ that creates a 3D PhC with hexagonal symmetry. The second set of images shows PhCs made using a four-exposure process ͑with 90°rotations of the sample͒ that creates a 3D PhC with rectangular symmetry. The experimental PhCs are made in a Futurrex NR7-6000P negative photoresist at a thickness of 12 m exposed at 355 nm. In Fig. 6 , the silicon wafer substrate is cleaved for cross section, and it can be seen that the PhC on the surface also cleaved along its crystal planes. The PhC is very uniform over the 10 m 2 area imaged; the overall size of the PhC was ϳ2 cm 2 ϫ 12 m. There are some small variations from the surface to the bottom of the photonic crystal, which should not be confused with the variation of the nodes due to the photonic crystal cleave angle. The variation in the photonic crystal pore size is likely due to variation in exposure dose versus photoresist depth from light absorption in the photoresist and, to a smaller extent, from developer diffusion and concentration fluctuations during developing. Across the PhC area, there are phase shifts along the surface every ϳ3 -5 mm, which appear as faint fringes on the PhC to the naked eye. These phase shifts are from variations of the exposure plane due to wafer flatness. The void sizes in the crystal structure vary slightly from edge to edge of the 2 cm 2 PhC mostly due to exposure variation. For the topdown SEM images in Fig. 6 , three periods down into the crystal are visible. The top-down SEM clearly shows the hexagonal symmetry. The four-exposure 3D PhC fabrication of a rectangular structure is very similar to the three-exposure process. The main difference is the additional exposure, which makes the rotational and wafer tilt alignments more critical. In Fig. 7 , the silicon wafer substrate was cleaved for cross sectioning and the PhC on the surface also cleaved along its crystal planes, which were slightly out of alignment with the silicon cleavage plane. The PhC is very uniform over the 10 m 2 area imaged, which is much harder to achieve in a fourexposure PhC; again, the overall size was ϳ2 cm 2 ϫ 12 m thick. For the top-down SEM images in Fig. 7 , four periods down into the crystal are visible. As previously mentioned, the variation in the photonic crystal pore size is likely due to variation in exposure dose versus photoresist depth from light absorption in the photoresist and, to a smaller extent, from developer diffusion and concentration fluctuations during developing. Across the PhC area, there are phase shifts along the surface every ϳ2 -3 mm, and the 
III. EMBEDDED WAVEGUIDES
A novel approach is proposed to fabricate a waveguide using two different exposure wavelengths in the same photoresist film. The first wavelength is used to fabricate the PhC and the second wavelength is used to fabricate the waveguides. Both exposures are in the same layer of the photoresist material.
A. Process
The fabrication process for the two-wavelength approach is as follows. An antireflective coating ͑ARC͒ is put down on the substrate. This ARC is used to minimize the reflection of the exposure light off of the substrate. The ARC can either be a dielectric layer or a spun-on organic layer. Then a very thick layer of photoresist is then spun atop the ARC. The photoresist is then baked to drive out solvents and to crosslink the photoresist. The waveguide is then exposed on the surface of this photoresist layer using a wavelength that is strongly absorbed by the photoresist, using standard lithography techniques. Next, without any further processing, a second layer of thick photoresist is spun onto the first layer of the photoresist and postapplication baked. These two layers of thick photoresist become the body of the PhC. Now, the two layers of photoresist are exposed using the threedimensional IL technique at a wavelength for which the photoresist is very transparent to form the PhC. Following the exposures, the photoresist is postexposure baked. Then, the full two-layer photoresist stack is developed. The result is a photoresist pattern, which is the functional sum of the two different wavelength exposures, e.g., a PhC with embedded waveguides. The lateral size of the waveguide defect is a direct function of the waveguide mask pattern size plus waveguide exposure dose, and the thickness of the waveguide is a direct function of the photoresist absorption at the waveguide exposure wavelength. This process is illustrated in Fig. 8 .
In order for this two-wavelength process to work, the photoresist must be sensitive to the light at both wavelengths. Many chemically amplified photoresists used in the semiconductor industry are sensitive to light over a large range of wavelengths. For instance, a negative I-line photoresist that could be used to make a PhC may be sensitive to 244 nm light that could be used to make the waveguide. Similarly, a positive 248 nm photoresist that could be used to make a PhC may be sensitive to 193 nm light that could be used to make the waveguide. In most cases, the photoresist has the same tone for both wavelengths, but this is not a requirement. For example, a photoresist usually acts as either a positive material or a negative material at both wavelengths, but the process steps could be modified to produce similar results if the photoresist has a positive tone response at one wavelength and a negative tone at the other wavelength.
For the PhC exposure, the photoresist should be very transparent and has a highly nonlinear ͑thresholding͒ response curve at the PhC wavelength. Most photoresists are very transparent and nonlinear at their design wavelengths. However, for the waveguide exposure, the transparency of the photoresist at the exposing wavelength can play an important role. If the photoresist is very transparent at the waveguide exposure wavelength, then the waveguide extends through the full thickness of the photoresist. This is normally the desired case for two-dimensional PhC. In the case where the waveguide extends the full thickness of the photoresist, it is possible to use the same wavelength for both exposures. However, if the photoresist is highly absorptive at the waveguide exposure wavelength, then the waveguide only exists on the surface of the crystal. By tailoring the absorption of the photoresist at the waveguide exposure wavelength, it is possible to control the waveguide thickness.
This technique can be expanded to more than two layers. It is possible to fabricate a layer of embedded waveguide patterns that are 1/3 from the bottom of the PhC and a second layer of embedded waveguide patterns that are 2/3 from the bottom of the PhC using a three-layer process. With some clever processing, it is even possible to make vertical waveguides between the two embedded waveguide layers using a via exposure patterning step on the second photoresist layer. This via pattern exposure could be done either by using a high dose at the waveguide exposure wavelength or by using a third exposure wavelength with lower photoresist absorption than the waveguide exposure wavelength. This will be important for the integration of optical circuits fabricated into the PhC.
B. Results
The 3D PhCs with waveguides made in a negative tone photoresist used a three-exposure multiple-exposure IL process, but it could easily have used the four-exposure process. The SEM results for single layer, 355 nm, three-exposure, 3D PhCs with a 244 nm surface waveguide exposure in a Futurrex NR7-6000P negative photoresist are seen in Fig. 9 . Images of the waveguides on the surface are shown, since when the waveguide is embedded in the center of the PhC, they are barely visible in the SEM. The embedded waveguides appear as a missing void in the cleaved section of the PhC in cross-section SEM images and they are not visible at all in top-down SEM images. Since the fabrication process is almost identical for surface waveguides and for embedded waveguides, it is easier to see and understand the process when looking at waveguides on the surface.
IV. SUMMARY
A novel 3D PhC fabrication process based on multipleexposure IL with off-axis illumination is presented. IL is used to produce PhCs over large areas. Both modeled and actual experimental photoresist profiles of 3D PhCs are presented. The modeled and experimental photoresist profile results of 3D PhCs compare well. 3D PhCs can be made of high quality over a large 2 cm 2 area by IL. In addition to large 3D photonic crystals, the integration of waveguides into the PhCs is demonstrated. This is accomplished by a novel multiple-wavelength lithography technique, where one wavelength is used to create the PhC using IL and a second wavelength is used to create the waveguide using standard lithography. This novel technique is extended by embedding the waveguides inside the PhC. If the photoresist has the correct properties, the waveguide can be exposed in the photoresist, followed by an additional layer of photoresist added to the original layers, before the exposure of the PhC.
The capabilities of making 3D PhC with embedded waveguides, as demonstrated by this article, hold tremendous potential. Some of these include narrow-band filters, waveguide bends, splitters and resonators, channel-drop filters, and coupled-cavity waveguides.
One of the limitations of the experimental crystals presented in this article is that the PhCs did not have a full photonic band gap as a result of the low index contrast. Another limitation is that the PhCs did not have full symmetry in the x, y, and z directions. To have the PhCs exhibit a full band gap requires that the index contrast be larger. This can be achieved by using the photoresist PhC as scaffolding for a high index material. One such method is an inverse-opal technique, where a liquid sol-gel is introduced into the voids of the PhC and solidified during a curing step. 9 A second method would be to fill the voids of the PhC with a metal using an electroforming process in a plating bath. Both of these cases will create an inverse of the original PhC. The subsequent photoresist scaffolding can then be removed using O 2 plasma or some other chemical means.
The full crystal symmetry is not achieved because the z-dimension could not be scaled down sufficiently as a result of the high index of the photoresist ͑n ϳ 1.7͒. To further scale 3D PhCs using the multiple-exposure, two-beam IL to smaller sizes and thus shorter band-gap wavelengths requires making the angles of the beams larger. The larger the angle between the two beams, the smaller the pitch of the crystal in the x and y directions. Likewise, the larger the angle of the intercept of the two beams from the normal of the exposure plane, the smaller the pitch in the z direction. However, there is a limit associated with the Fresnel bending of the input beams at the air/photoresist interface. This can be addressed by using immersion techniques, shorter wavelengths, or lower index photoresist, and this will be explored in a future work.
V. FUTURE STUDIES
One of the main characteristics that need to be studied in the future is the light propagation properties of the embedded waveguide in the 3D PhC. Light can be injected into the waveguide and the propagation losses can be measured for various waveguide structures.
Another aspect of the PhCs that can be studied is their optical properties after modifying the developed photoresist structure. Such modification can be the incorporation of nanoparticles onto the surface of the photoresist structure or chemically altering the photoresist compound through the use of chemically reactive gases or liquids. This could also include postprocessing bakes that modify the photoresist compound and can possibly be done in conjunction with another modification process.
A similar aspect is using the PhC comprised of photoresist as a scaffold for other possible, more intriguing optical materials. Once the new optical materials are incorporated into the PhC structure, the photoresist can be removed as desired. This could realize PhCs with large band gaps. 
